These are the first reports of arsenic concentrations in national samples of poultry in the United States and may be useful in risk assessments of arsenic exposure and its consequences. We also estimated the dose of inorganic, organic, and total arsenic delivered with varying levels of chicken consumption, and the percentage of the U.S. population at risk for high levels of arsenic exposure through chicken consumption alone.
Arsenic is a heavy metal that is found in inorganic and organic forms in water, food, soil, dust, wood, and other materials. Inorganic forms of arsenic have been classified as human carcinogens and are more toxic than organic forms, but variation in toxicity among inorganic and organic forms is considerable. Chronic arsenic exposure in the range of 0.01-0.04 mg/kg/day has been associated with skin cancer in Taiwan ; respiratory cancers in Montana (Lubin et al. 2000) ; bladder cancer in Finland (Kurttio et al. 1999) ; increased mortality from hypertensive heart disease, nephritis and nephrosis, and prostate cancer in Utah (Lewis et al. 1999) ; increased incidence of lung cancer, bladder cancer, and all cancers in Taiwan (Chiou et al. 1995) ; late fetal mortality, neonatal mortality, and postnatal mortality in Chile (Hopenhayn-Rich et al. 2000) ; and cytogenetic damage in Mexico (Gonsebatt et al. 1997) . The general population is exposed to arsenic through drinking water, dust, fumes, and dietary sources, with the highest concentrations of arsenic reported in seafood, rice, mushrooms, and poultry (Tao and Bolger 1999) .
The NRP conducts monitoring and surveillance of meat, poultry, and egg products to determine the presence of chemical residues, including animal drug residues, pesticides, and environmental contaminants (USDA Food Safety and Inspection Service 2001). We used monitoring data from the NRP to estimate mean arsenic concentrations in meat and poultry during the years 1989-2000 and to calculate possible dose exposures acquired through consumption of chicken. Arsenic is an approved animal dietary supplement and is found in specifically approved drugs added to poultry and other animal feeds. Roxarsone (4-hydroxy-3-nitrophenyl arsonic acid) is the most frequently used additive among a group of organic arsenic compounds added to feed of broiler chickens to control coccidial intestinal parasites. Roxarsone contains organic arsenic in the +5 oxidation state. Most of the excreted arsenic (found in litter) remains as the parent compound or as the amino-metabolite. The forms found in chicken muscle have not been reported in the literature.
Previous summaries report the number and percentage of instances where levels exceeded allowable limits as categorical data falling in one of three categories: above allowable levels (violative), detectable but within allowable levels (positive, nonviolative), and not quantifiable. Such reports are used to monitor and correct factors contributing to occurrence of levels exceeding allowable limits (USDA Food Safety and Inspection Service 2001). The monitoring data, however, can also be expressed as quantitative values that can in turn be used to provide a preliminary estimate of mean arsenic concentrations in poultry and meat. (20, 542) of the samples were of liver tissue; the 14 muscle, 2 kidney, and 1 egg samples were excluded from the analysis. The species were grouped into five categories: young chickens (n = 3,611), mature chickens (n = 1,582), turkeys (n = 2,763), hogs/sows/roaster pigs/boars/stags (n = 5,522), and all other species (horse, bull, steer, beef cow, heifer, dairy cow, bob veal, formula-fed veal, non-formula-fed veal, heavy calves, mature sheep, lamb, goat, duck, rabbit; n = 7,064). The mean total arsenic concentrations and 95% confidence intervals (CIs) around the means for each category for each year were calculated by averaging the nonquantifiable results with positive values. All values < 0.20 ppm were considered nonquantifiable; we assumed the value to be halfway between 0 and 0.20, or 0.10 (zero would underestimate the level, and 0.20 would overestimate the level).
Materials and Methods

NRP
Converting liver values to muscle values. We used NRP arsenic monitoring measurements from liver tissue samples to estimate concentrations in muscle tissue, the most frequently consumed part of the chicken. Because the ratio between arsenic concentrations in poultry liver and muscle tissue is not described, we relied on manufacturer's data presented in their technical bulletin (Alpharma Inc. 1999) . They reported tissue arsenic concentrations at 0, 3, 4, and 5 days after withdrawal from roxarsone (3-Nitro) in chickens fed 50 ppm for 7 weeks (Alpharma Inc. 1999) . Liver arsenic concentrations were 1.1 ppm, compared with 0.1 ppm in muscle at 0 days, 0.3 and 0.07 ppm, respectively, at 3 days, and 0.2 and 0.07 ppm, respectively, at 5 days, yielding liver-to-muscle ratios of 11, 4.2, and 2.9, respectively, for each time point. We applied these reported ratios to adjust the measured liver tissue values in the NRP sample and produce estimates of values in muscle tissue.
Mean Total Arsenic Concentrations in Chicken 1989-2000 and Estimated Exposures for Consumers of Chicken
Muscle tissue values were estimated under three different assumptions: a) consistent adherence with the 5-day withdrawal period; b) variable adherence averaging 3 days of withdrawal; and c) 0 days of withdrawal.
Assumptions regarding the inorganic/ organic proportions. We used data collected in Canada regarding arsenic speciation in Canadian food samples suggesting that 65% of arsenic in poultry and meat is inorganic (Levine et al. 1988; Weiler 1987 ). This estimate was used in the 1988 U.S. Environmental Protection Agency risk assessment regarding the risk of skin cancer associated with ingested inorganic arsenic (Levine et al. 1988 ) and is currently used as the basis of discussions of arsenic exposure and health effects (Abernathy 2001) .
Calculation of arsenic exposure concentrations associated with varying levels of chicken consumption. Chicken consumption data from the Continuing Survey of Food Intakes by Individuals 1994-1996 survey (USDA Agricultural Research Service 2000) were summarized using the Dietary Exposure Evaluations Model software to produce estimates of the mean number of grams of chicken consumed by the U.S. population at the 50th, 95th, and 99th percentiles (Novigen Sciences 2000; USDA Agricultural Research Service 2000). The amount of chicken consumed was then multiplied by estimates of inorganic and organic arsenic in chicken muscle tissue to calculate the estimated doses of arsenic ingested at the 50th, 95th, and 99th percentiles in the U.S. population and in various subgroups. (Figure 1 ). Arsenic concentrations in young chickens appear to be 3-to 4-fold higher than in other species categories sampled in the NRP. We observed variation in mean arsenic concentrations by U.S. state, ranging from < 0.10 ppm to > 0. 51 Arsenic dose associated with chicken consumption. Based on our calculation of a mean concentration of 0.39 ppm in liver tissue during the years 1994-2000, the Alpharma estimated ratios of liver to muscle tissue levels of 2.9, 4.2, and 11 (Alpharma Inc. 1999) , the assumption that the proportion of inorganic arsenic is 0.65, and chicken consumption levels at and above the 50th percentile, we produced a range of inorganic, organic, and total arsenic intake measures (Table 3 ). Under the assumption of a 5-day withdrawal period (and a liver-to-muscle arsenic concentration ratio of 2.9), the estimated inorganic arsenic intake ranged from 5.24 to 30.59 µg for those consuming 60-350 g chicken/day. If one assumes incomplete adherence to the recommended withdrawal period and an average withdrawal period of 3 days, the estimated inorganic arsenic intake ranged from 3.62 to 21.13 µg for the same levels of chicken consumption. Under the extreme assumption of no compliance with the withdrawal period, inorganic arsenic concentrations ranged from 1.38 to 8.07 µg/day. At the mean level of chicken consumption (60 g/person/day), estimated inorganic arsenic intake ranged from 1.38 to Article | Mean total arsenic in chicken, 1989 Mean total arsenic in chicken, -2000 Environmental Health Perspectives • VOLUME 112 | NUMBER 1 | January 2004 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 
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.24 µg/day, varying with the assumptions regarding withdrawal periods.
Discussion
The ability of trace elements ingested by chickens to affect the dose delivered to humans through chicken consumption has been shown for iodine, iron, zinc, uranium, and potassium (Izak-Biran et al. 1989; Kaufmann et al. 1998; Leonhardt et al. 1997) . It is reasonable to assume that arsenic ingested through chicken consumption may similarly affect the dose delivered to humans.
The data presented here suggest that arsenic concentrations in young chickens may be approximately 3-fold greater than in other meat and poultry products. The higher arsenic concentrations observed in chickens compared with other poultry and meat products is consistent with the use of chicken feed containing additives including arsenic compounds. This preliminary data analysis can be refined with greater understanding of sources of variation in arsenic concentrations in meat products, for example, regional and seasonal variation. Samples were selected for analysis from plants with varying production levels, and future analyses may require plant estimates to be weighted by production volume in calculating a summary estimate. The present analysis is the first step in progressing from a categorical count of violations and positive tests to a quantitative measure of arsenic concentrations in meat and poultry. Despite the preliminary nature of the analysis, the relative values of arsenic concentrations in chickens and other species may be expected to persist in future data analyses, because uniform methods were applied to collecting and sampling arsenic concentrations in all species monitored by the NRP. Furthermore, these preliminary analyses were consistent with published data from the United States and Canada. Our estimate of 0.33-0.43 ppm total arsenic in liver tissue is similar to that observed in Canadian poultry livers (Korsrud et al. 1985; Salisbury et al. 1991) , and our estimate of 0.13 µg/g total arsenic in chicken muscle tissue is somewhat higher than that found in market studies in the United States during 1991 -1996 Tao and Bolger 1999 ) and in Canada between 1985 and 1988 Dabeka et al. 1993) . Further studies would help define the range of variation of total, inorganic, and organic arsenic in chicken, and the factors such as seasonality or geography that might affect such variation.
The proportion of inorganic and organic arsenic in chicken was estimated to be 0.65 and 0.35, respectively, based on Canadian data from 1987 (Levine et al. 1988; Weiler 1987) . Proportions of inorganic and organic arsenic in chickens in the United States during 1996-2000 may differ from those in Canada, but until U.S. studies are conducted, the Canadian data provide a reasonable starting point for analysis. The relationship between the amount of arsenic in liver tissue compared with muscle tissue was based on data published by a pharmaceutical company in 1999 marketing arsenic-containing additives for poultry feed and showing changes in the relationship with the number of days of withdrawal (Alpharma Inc. 1999) . Further studies are needed to describe more fully the correlation between liver and muscle tissue values and their variation with the withdrawal period. It might then be useful to describe the withdrawal period in actual practice. We assumed compliance with the withdrawal period, which suggested that the ratio of liver to muscle arsenic concentrations might be between 2.9 and 4.2. We thus assumed that the pharmaceutical data were accurate with respect to liver and muscle values at 0-5 days of withdrawal. It would be helpful to have more detailed laboratory information about the forms of inorganic and organic arsenic remaining in chicken muscle, as well as the effects of cooking on these forms, and the metabolism of the ingested arsenic.
Under these assumptions, and relying on the ratios of 2.9 and 4.2 (excluding the extreme ratio of 11), a mean chicken consumption rate of 60 g/day may result in an intake of Calculations of arsenic intake have been used to recommend and adjust arsenic levels in the environment, most notably in water. These calculations have not taken into account the higher concentrations of arsenic measured in chicken compared with other poultry and meats. Furthermore, chicken consumption in the United States has increased steadily from 32.1 lb/person in 1966 to 81.2 lb/person in 2000. The higher than previously recognized concentrations of arsenic in chicken combined with the increasing levels of chicken consumption may indicate a need to review assumptions regarding overall ingested arsenic intake. 
